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Abstract

We present a non-hybrid quantum mechanical / molecular mechanics (QM/MM)
type approach to tackle chemical reactions with substantial molecular reorganization.
For this, molecular dynamics simulations with smoothly switched interaction models
are used to suggest suitable product states, whilst a Monte Carlo algorithm is employed
to assess the reaction likeliness subject to energetic feasibility. As a demonstrator,

we study the cross-linking of bisphenol F diglycidyl ether (BFDGE) and 4,6-diethyl-



2-methylbenzene-1,3-diamine (DETDA). The modeling of epoxy curing was supple-
mented by Differential Scanning Calorimetry (DSC) measurements, which confirms
the degrees of cross-linking as a function of curing temperature. Likewise, the heat of
formation and the mechanical properties of the resulting thermosetting polymer are

found to be in good agreement with previous experiments.

Introduction

Thermosetting polymers may achieve high strength and stiffness, chemical resistance and
offer simple processing. These advantages combined with low costs have enabled a wide
manifold of industrial applications. For example, in structural elements used for harvesting
wind energy, in automotive industries and for household devices, thermosetting polymers
based on epoxy resins are used as matrix materials in fibre reinforced plastics of tailor-made
mechanical properties.

The yield strength!? and the modes of plastic deformation®* depend on loading condi-
tions giving rise to plastic flow by cooperative chain conformation change and other mecha-
nisms on the molecular level, including chemical bond reorganization. Analogous to disloca-
tion motion in metals, the experimental observation of deformations in amorphous plastics
is practically impossible when it comes to the molecular level. The situation is even more
precarious for the elucidation of formation mechanisms, that is the interplay of local reac-
tive events and the overall bonding network constituting the bulk material. For this reason,
molecular modelling and simulation is of crucial importance to provide profound understand-
ing. To study molecular rearrangements occurring during thermoset hardening, plastic flow
and fracture, Monte-Carlo and molecular dynamics (MD) simulations are particularly suited.

Although pioneering studies®% have helped to understand elementary mechanisms of plas-
ticity in thermosets and pre-polymer resins, a comprehensive understanding of the interplay
of fundamental linking processes and the collective organization of a polymer network is still

missing. To enable the rationalization of materials response and macroscopic properties on



the basis of molecular scale understanding, an obvious prerequisite is the realistic modelling
of resin cross-linking. As thermoset hardening is a non-equilibrium process, this calls for
the explicit account of temperature and time-dependent behavior. Over the past decades

several approaches have been published in order to model the cross-linkings of thermosetting
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polymers” ! and their interplay with mechanical properties.

For the accurate description of cross-linking reactions quantum mechanical (QM) cal-
culations are required. However, rigorous quantum approaches are unfeasible for systems
comprising many thousands of atoms, as typically inevitable when modelling an amorphous
thermosetting polymer. To amend this limitation, quantum mechanical calculations may be
coupled to classical molecular mechanics (MM), leading to QM /MM !¢ approaches that allow
much larger time and length scales as a benefit of MM modelling the non-reactive part of the
model, whilst reserving QM calculations to critical aspects requiring higher accuracy. How-
ever, despite the use of computationally efficient QM /MM or reactive MM approaches, the
accessible time-scales of nano to micro seconds still prevent the direct molecular dynamics
simulation of thermoset curing.

To overcome such limitations, Jang et al.'’ proposed a Monte-Carlo based approach
to step-wise cross-linking by energetically favorable reactions. This is particularly effective
for modelling the starting period of thermoset curing, however gets increasingly ineffective
at later stages. Once larger degrees of cross-linking are established, the flexibility and the
reorganization dynamics of the resin are drastically reduced and the ratio of exothermic
versus endothermic reactive attempts in conventional Monte-Carlo approaches drops enor-
mously. An interesting alternative to model accelerated cross-linking of epoxide systems has
been recently introduced by Vashisth et al.'® using ReaxFF in combination with additional
energetic kicks to help overcoming energetic barriers, and thus boost reactive events. In
principle this allows any degree of acceleration, however at the cost of describing molecular
re-organization prior to cross-linking.

The concept of the present work is to combine aspects of both of these approaches. Along



this line, we control reactive attempts by means of Monte-Carlo selection criteria. However,
to facilitate molecular reorganization needed for successful reactive attempts, we smoothly
switch from one molecular topology to another by mixing the corresponding MM forces and
energies. On this basis, we aim at retaining the accuracy of QM/MM based Monte-Carlo
evaluation of bond formation, whilst boosting network relaxation to enable also the efficient
simulation of later stages of the curing process.

Ultimate benchmarks to this strategy are comparable degrees of cross-linking at differ-
ent temperatures in both experiment and molecular simulation models. We hence relate
our modelling approach to experimental characterization of cross-linking dynamics and me-
chanical properties. For the experiments, we use the commercially available thermosetting
polymer of EPIKOTE™ Resin 862 from HEXION™ and the amino hardener ETHACURE®
100 Plus Curative from ALBEMARLE®. In turn, our simulation models focus on the main
constituents of the experimental system, namely bisphenol F diglycidyl ether (BFDGE) and
4,6-diethyl-2-methylbenzene-1,3-diamine (DETDA).

Materials and Methods

Experimental characterization

As amine curing agent we use ETHACURE® 100 Plus which is a composition of 3,5-
diethyltoluene-2,4-diamine and 3,5-diethyltoluene-2,6-diamine at 75-81 % and 18-24 %, re-
spectively. Moreover, it contains a small fraction of 0.5-3 % dialkylated m-phenylenediamine.
In what follows, this commercially available thermoset is simplified by its main constituents,
BFDGE and DETDA as indicated in Figure 1.

For the Differential Scanning Calorimetry (DSC) measurements a NETZSCH DSC 204
F1 Phoenix was used with pierced lit aluminum crucibles. Before each measurement a
freshly mixed two-component resin with a mass of 20.94+1.03mg was prepared ensuring

equal experimental conditions. The overall reaction energy of the thermoset hardening was
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Figure 1: Chemical structures of BEDGE (upper left) and DETDA (upper middle) and
illustration of the two step curing reaction of BFDGE and DETDA. Step I: single linked
amine of DETDA to BFDGE (upper right). Step II: twofold linked amine of DETDA to
two BFDGE molecules (lower right). Atoms that change their atom type are highlighted in
green; atoms in which only the bond, angle, dihedral or improper type in which they are
involved changes are highlighted in blue. Reaction energies are from QM calculations for
R=NH; and R'=H, respectively.
averaged from measurements of five crucibles which were heated at a rate of 2 K/min from
room temperature at around 290K to 593 K. An exemplary DSC profile of the thermal
ramp is shown in Figure 2 (left). The peak between 360 - 580 K stems from the cross-linking
reactions, whereas the onset of thermoset decomposition is observed beyond 590 K. The heat
from the curing reaction was derived from the integral between the DSC curve and a linear
baseline.

In the second test series, thermoset hardening is measured at different isothermal condi-
tions adapting the measurement protocol proposed by Hernandez-Ortiz et al.'” The isother-
mal experiments were conducted at 380 K, 420K and 460 K. For each temperature, five

samples were heated using a temperature ramp of 40 K/min and cured isothermally until

the thermoset curing was completed and the heat flow measured by the DSC converged to



zero (cf. Fig. 2). Afterwards the sample is heated up to 590 K to ensure a complete cure
and cooled to room temperature again. In a second identical cycle the so fully cured speci-
men was heated again to determine the device-specific temperature and heat flow overshoot
of the DSC signal in the transition regime from heating to isothermal operation. The re-
sulting second curve is subtracted from the first cycle to eliminate the artificial signal (cf.
Fig. 2 (right)). The area of the resulting curve was integrated in order to obtain isothermal

exothermic reaction energies due to the cross-linking of the thermoset.
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Figure 2: (left) DSC profile of the heat flux generated during thermoset hardening. The
reaction energy (grey area) was calculated as the enclosed area between baseline and DSC
signal. (right) Illustration of device specific overshoot. The resulting exothermic reaction
energy is estimated as the integral of the corrected signal (grey area).

QM description of epoxy bond formation

The quantum chemical calculations were carried out with the Gaussian03 package at the
B3LYP/6-311+G** level. As starting points, geometry optimizations of the reactant species
BFDGE (A) and DETDA (B), see also Figure 1, were performed. The first linking reaction,
leading to compound AB (Fig. 1, upper panel), was induced by approaching A and B such
that the epoxy group undergoes C-N bond formation and proton transfer from the amine
at the same time. Compound AB was then subjected to geometry optimization and the

reaction energy was found as -25.5 kcal/mol.



Likewise, the second linking reaction was characterized by addition of BFDGE (A) to
compound AB; followed by structural relaxation, as illustrated in Figure 1, lower panel. The
reactivity of the -NH- group in compound AB is substantially lower than that of species B and
the reaction energy of the second linking of amine to epoxy amounts to only -15.5 kecal /mol.
Comparing AB and AB’ compounds in terms of energy and structure, we suggest that the
reduction in bond formation energy may be rationalized from both electronic effects, i.e.
differences in the reactivity of primary, secondary and tertiary amines and sterical hindering
or deformation of the amine moiety in AB’. While the former effect is expected as practically
constant during the formation of extended polymer networks, strain and sterical hindering
is of increasing importance during later stages of thermoset hardening and thus evaluated

on-the-fly using MM descriptions of the entire system.

QM guided MC/MD simulations

While the beforehand discussed QM characterization is limited to individual bond formation
steps, the role of the entire polymer network shall be described by MM methods. As the
thermoset system in principle offers a large number of possible curing reaction pathways,
we employ a Monte-Carlo (MC) strategy to probe reactions of nearby candidates. For this,
we sample the MM energy of the polymer network before/after a possible polymerization
step, and implement a QM /MM type approach to provide estimates of the reaction energy.
Therein, the QM essentially accounts for epoxy-hardener reaction I (Fig. 1, upper panel)

and II (Fig. 1, lower panel) whereas the network strain, embedding thermoset molecules etc.

are all described by MM :

ABy = B3y — (B + E3") — B3 + (ER™ + E3™)

= (—25.5% + 38.8™™) keal - mol



and

AEy = Ejp — (Exp + Ex") — Exg + (B3 + EX™)

= (—15.5%" 4 42.1™™) keal - mol "

EY™ and ER™ are the potential energies of a monomeric resin BFDGE and hardener molecule
DETDA, respectively, and Eyp and E3g, are the potential energies of the single or double
bonded amino group to epoxides (cf. Fig. 1). The AE; and AEy terms hence represent
QM-based corrections to the MM description of forming isolated AB and AB’ moieties. To
account for the different embedding within the forming polymer network, the overall reaction

energy is taken as:

AEI or
AE = (Ejgauet) = (Ereactant) + (1)

product reactant
A EH

where (Em 1) and (E™™

o Lot Hroduct) denote the energy of the overall simulation model before and

after a reactive event, respectively, and the QM /MM correction term is selected depending
on single or double bonded amino group binding to epoxide. For both states, equilibrated
systems are subjected to energy sampling from 2.5 ps sketches to average out vibrational
fluctuations. In a rigorous QM /MM approach, the correction terms AE; and AFy in eq. 1
could be re-evaluated for each molecular geometry encountered during polymer network
formation. Considering the abundance of linking reaction steps that need to be evaluated we,
however, advocate for a non-hybrid QM /MM type approach in which the energy correction
terms from the isolated AB and AB’ compounds are adopted for all AB and AB’ type motifs
of the forming polymer, respectively. In other terms, the effects of network strain and steric
hindering are modelled via MM only. Acceptance or rejection of an reaction attempt is

controlled by MC simulation using the Metropolis acceptance probability according to:

p = min <1,e_’%%> , (2)



where T and kg are the temperature and the Boltzmann constant, respectively.

If a reaction attempt is not accepted, the interaction models are smoothly switched back
to the previous topology. Apart from such amendment of unfavorable linking within the
current MC steps, we do not consider bond dissociation of the already formed polymer
network. While surely important for the analysis of material deformation and fracture,® for
the present study of thermoset curing we ignore the possibility of bond dissociation steps.

A molecular topology in empirical force fields refers in general to all bonded and non-
bonded information of atomic species of a given molecule. This encompasses all parameters
in molecular mechanics necessary for the description of covalent bond lengths, valence angles
and dihedrals as well as for the definition of molecular topology dependent atom types for van
der Waals and Coulomb interactions. OPLS-AA topologies and partial charges on the semi-
empirical 1.14*CM1A-LBCC level!® for monomeric, single and double cross-linked bisphe-
nol F diglycidyl ether (BFDGE) and 4,6-diethyl-2-methylbenzene-1,3-diamine (DETDA) are
used to describe the MM part of the molecules using the online tool LigParGen.!? It generates
from simple SMILES strings topologies, partial charges and an energetically minimized struc-
ture. However, resulting structures from LigParGen are not fully charge neutral (although
up to 10 e) and some of the symmetric atoms do not possess the same charge. Appropriate
small compensating charges are thus added to/removed from the atom type with the highest
absolute charge, where necessary, and charges are averaged for equivalent atoms to ensure
charge neutrality of the molecules. This is crucial to ensure consistent energy levels during
the MD/MC simulation procedure.

It should be noted that in the experiments the thermosetting polymer will undergo mixing
and cross-linking at the same time. When discussing the DSC experiments, we explicitly
discriminate the heat of initial mixing from that of curing reactions. In turn, we start
the molecular simulations from randomized starting configurations using moltemplate and
PACKMOL?. Consequently, the heat of formation as sampled from simulation is set to

zero for 0% curing. The initial systems are unstable and may not fully relax, however before



considering curing reactions we allowed 0.2 ns runs which was found sufficient for the system
to adapt local interactions and overall model density. This is followed by a short 0.05ns run
at constant volume to sample the radial pair distribution functions of uncured thermoset
mixtures.

The curing was modelled in an in the NpT ensemble at 1atm pressure at six different
temperatures (260 K, 300K, 340K, 380K, 420 K and 460 K) which have been as well used
in the MC step. During the smooth transfer of topology and the following equilibration, a

relatively small timestep of 0.5 fs was used in the MD simulations.

Smooth transfer of topology

The linking reactions give rise to re-arrangement of both the local binding sites and the
nearby polymer network. For this reason, immediate switching of the interaction poten-
tial to the product state would often lead to unfavorable configurations—which may even
involve molecular intersections that would provoke numerical instability. In order to effi-
ciently suggest suitable candidate structures for linking reactions, we therefore perform MD
simulations with smooth switching from one molecular topology to another, hence allowing
network relaxation during gradual forming of chemical bonds (cf. Fig. 3).

When changing from one chemical topology to another, the potential energy terms of
several bonds, angles, dihedrals and impropers have to be either dimmed off or ramped up.
To provide continuous forces, this is implemented by a continuous switching function to

smoothly transform the model topologies within a given time interval (¢g, tenq):

(tna — t°)%(tona + 2¢% — 3t5)
s(t) =1.0— e . (3)
end 0

Thus, for a linking reaction introduced for a configuration X(t) = (ry(¢),...,ry(t)), the

change in interaction energy is given by:
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Figure 3: Potential energy as functions of time for (left) successful and (right) unsuccessful
reaction attempts. The energy of the educt and product topologies are shown in red and
blue, respectively, whilst grey indicates the transition in-between. In case the MC algorithm
rejects a reaction attempt, we gradually reverse the binding topology of the system.

Eﬁgzi)ciant—)product (X(t)7 t) - S<t) ' |: gig]duct (X(t)) - Egslal:?:tant (X(t))} ) (4)
whereas the corresponding forces F’J(t) acting on the atoms j are:

—

Fy(X(t), 1) = = V; [Brdseiam (X(1)) + Ercye (X(1).1)]

reactant reactant—product

=—5(t) - V Eproanet (X(1)) = (1 = (1)) - Vi Egian (X(1))

reactant

:S(t> . F}product + (1 . S(t)) . ‘F;eactant (5)

Where Fje*t" and FjpmduCt are the forces derived from the MM models of the reactant and
product state topology, respectively. After such transition, the system is described by the tar-
get topology only and the previous topology is fully removed from the simulation model. The
form of the switching function affects only the dynamics of the topology transition and could
be actually of any form—as long as it is a continuous function switching between zero and one.
With the present approach, we find that spikes in the energies or forces are avoided, hence
allowing comparable fast topology transformations. It is worth mentioning that the smooth

transfer of topology algorithm in almost all cases requires two force evaluations per time step.
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This downside is however overcompensated by much faster relaxation of the systems as com-
pared to other approaches, e.g. a recently introduced method from Gissinger et al.”, where
instabilities in the simulation are compensated using a restriction of the maximum possible
distance an atom can move in a single timestep. A custom implementation of the smooth
transfer of topology method has been implemented in the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)?! and is made available on GitHub or by request.
Our implementation is moreover based on the extensive use of the python interface supplied

with LAMMPS, which enabled effectively the QM /MM type approach simulations.

Results and Discussion

Cross-linking Simulations

The combined Monte-Carlo/molecular dynamics simulations are initiated from fully mixed
reactants which were allowed to relax at 1 atm pressure and the given temperature before
considering any curing reaction. This initial model was also used to estimate a suitable
distance cutoff for identifying eligible reaction partners. For this, the radial distribution
functions (RDF) between epoxy and amine groups were evaluated at the six different tem-
peratures considered for the thermoset curing (for details see SI). Based on the RDFs, a
5 A cutoff was chosen as a reasonable common value to discriminate nearest-neighbor epoxy
groups next to amine residues (cf. black dotted line in Fig. S2).

For the Monte-Carlo modelling of curing reactions, potential reaction partners are picked
randomly from the (continuously updated) list of nearest-neighbors. Even for this pre-
selection of candidates immediate switching from reactant to product state MM models
would lead to a large number of failed attempts. However, using our smooth topology
transfer scheme we find that ps-scale molecular dynamics simulations can provide sufficient
relaxation of the forming polymer network to suggest more realistic product states. At-

tempts in which no reaction partner could be identified based on the distance delimiter are
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considered unsuccessful attempts in the Monte-Carlo simulation, hence anticipating strong
energetic disfavoring without explicit evaluation. Instead, the system is propagated from MD
simulations until a set of nearest-neighbors is found. In the course of the Monte-Carlo/MD
simulation scheme, thermoset curing is thus modelled iteratively, as a combionation of at-
tempting linking reactions and allowing network relaxation.

For the investigated range of temperatures between 260 K and 460 K, Figure 4 shows the
evolution of the acceptance ratio (Naccept/ Nattempts) Of reaction attempts as functions of the

degree of curing. On this basis, it appears that epoxy polymerization up to 60% curing will
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Figure 4: Monte-Carlo acceptance ratio with increasing degree of thermoset cure at different
temperatures.

depend on temperature only in terms of the reaction kinetics. The most obvious difference
of the various curing temperature setups is seen at later stages of network formation, when
the acceptance of reactive attempts sharply drop to zero. Depending on the temperature
applied, the corresponding simulation models show final degrees of cross-linking ranging
between 78 % and 93 %. However, inspecting the entire profile of the acceptance ratios, we
argue that the different nature of polymer curing at different temperature is indicated from
the decrease of successful linking attempts with increasing degree of curing which already
starts at from the very beginning of network formation. Indeed, those binding partners (class
I) which are already at nearest-neighbor distance when starting the Monte-Carlo iterations to

model the curing process appear to react particularly exothermic. In turn, possible partners
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that require thermal fluctuations to occasionally fulfill the distance delimiter criterion (class
IT) tend to react less readily. At low temperature, we therefore primarily find binding of
class I partners - which explains the high acceptance rate at low degree of curing. However,
once about 60% curing is reached, further linking must involve class II type of partners.
These, however, get increasingly jammed with increasing degree of curing and many of these
eventually become inaccessible to low-temperature curing runs. On the other hand, at higher
temperature there is a larger fraction of class II candidates in the pre-selection list throughout
the entire curing run. As a consequence, network relaxation is considerably more intense in
the high-temperature runs and much lesser amounts of possible reactants get trapped in the
polymer network without a nearby partner. An illustration of the model with the highest
degree of curing is shown in Figure 5, whereas bonding statistics of all runs are denoted in

Table 1.

Figure 5: Illustration of the simulation cell of the thermoset at 93% curing. The close-up
illustrates two cross-links between BFDGE (red) and DEDTA (blue) moieties

The finally reached degree of curing of our simulation models studied at high temperature
are found in quite nice agreement with the experiment. On the other hand, the incomplete-
ness of linking reactions at lower temperature appears to be underestimated when using the

smooth topology transfer simulation scheme. This is also reflected by comparing the reaction

14



Table 1: Topological analysis of the polymer network models formed at different tempera-
tures T,ue. Primary, secondary and tertiary amines refer to NR'Hy, NR'R2H and NR'R?R?
moieties, respectively. To monitor the extend of unreacted groups we define f, as the frac-
tion of DETDA with two primary amines. Each linking step is taken as an increase in the
functionality index such that f; represents the fraction of DETDA with two tertiary amines.

Tewre  Msim  Mexp Amines (%) Functionality (%) Qexp Qsim
(K) (%) (%) Pri. Sec. Ter. fo fi fo f3 fa (J/g)  (J/g)
260 78 =n/a 86 273 64.1 1.7 6.8 85 356 475 n/a 344
300 83 n/a 4.7 242 71.1 0.0 3.3 6.7 350 550 n/a 366
340 8 n/a 23 242 734 0.0 0.0 6.6 37.7 557 n/a 376
380 88 67 0.8 219 773 00 1.6 109 203 67.2 2954+ 13 388
420 93 & 0.0 133 8.7 00 00 47 172 781 383 +6 410
460 93 95 0.8 125 86.7 00 1.6 3.1 172 781 4184+ 7 409

energies as computed from the QM /MM type approach scheme with the DSC experiments

as discussed in the following.

Differential Scanning Calorimetry

Two types of DSC experiments we performed. We first elucidated the heat of formation
obtained for dynamically curing based on a temperature ramp as shown in Figure 2(left).
For this setup, we found the largest heat of formation, namely 446 £6.9Jg~!, and in what
follows we relate this to a curing degree of practically 100%. It is educative to compare the
dynamically curing of the thermoset by a temperature ramp up to 600 K, to DSC experiments
performed at isothermal conditions—as illustrated for 380 K on the right of Figure 2. Indeed,
the heat of polymer formation upon isothermally curing the thermoset at 380 K, 420 K and
460K are estimated to 295 Jg™!, 383 Jg=! and 418 Jg~!, respectively.

Due to the high latency of the commercial resin system, lower temperatures were not
accessible in the isothermal measurements, as curing time scales would exceed weeks or
even months. The heat of formation as obtained from DSC experiments and our molecular
simulations are shown as functions of finally reached degree of curing in Figure 6. For both,
modelling and experiment, we find a linear dependence of the heat of formation with respect

to the degree of curing. On this basis, we can derive the average reaction energy per extend
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of curing as 4.1340.95Jg7 /% and 4.39 +0.01 Jg~! /%, thus reflecting a surprisingly close

agreement between experiment and simulation, respectively.

450
4251
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©375]
S 350-
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300
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Figure 6: Heat of formation as obtained from DSC (black) and simulations (blue). The fully
cured thermoset as identified from dynamical DSC measurements are indicated by the black
cross. While the zero point energy of the simulations is defined such that that Q(n = 0)
= 0J/g, the linear extrapolation of the DSC data leads to Q(n = 0) = (7+1J/g), hence
indicating the error margins of the underlying integration procedure (cf. Fig. 2) .

Elastic Properties

To characterize the bulk properties of our epoxide models with maximized cross-linking we
performed constant-temperature, constant-pressure MD simulations of several 100 ns. From
this, occurence profiles of the fluctuations of the box volume V', simulation cell dimensions
Iz, 1, and [,), and angles (£(z,y), £(y,%) and £(z,x)) were sampled and subjected to
Boltzmann-statistics, hence providing elastic constants at 300 K and 1atm from linear re-
sponse theory. The Young’s moduli Y, shear moduli G and the bulk modulus K are thereby

calculated by:

kel (lu)°
"= R )2 (V)
kT
“or = Rosn V)
kgT
K= (Aoy)? V)

16



where the Ao are the width of Gaussian fits of the occurrence profiles of the underlying
lengths, angles and the volume, respectively.

While bulk epoxy resins are expected to be isotropic, we caution that our simulation cells
are quite small compared to experimental setups and finite size effects need to be checked.
Indeed, we found that the Youngs and shear moduli taken along different directions show
considerable differences. Moreover, when performing time-dependent analyses based on series
of 5 ns subsamples, we observe fluctuations of the (local) elastic properties on the 100 ns scale
(Fig. 7a). Given the 10 nm scale dimensions of our simulation model, such fluctuations stem
from molecular twisting/distortion of individual links within the epoxy network without
changing the connectivity. We note that this is a finite temperature effect that diminishes at
0K, hence demonstrating the importance of calculating the elastic properties of the epoxy

models at the proper thermodynamic conditions.

Y / GPa
w
G/GPa
N
K/ GPa
w

S T

T T T T T T T T T T T T
0 100 200 300 0 100 200 300 0 100 200 300
Time /ns Time / ns Time / ns

(a) Young’s (b) Shear (c) Bulk

Figure 7: Evolution of the elastic moduli over time and space directions. The moduli were
calculated in 5ns intervals, overall time averages are provided in Table 2.

In Table 2 the time-averaged values for Y, G and K are provided, along with the Poisson

number v—which was derived in different manners, namely using the elastic constants by

V(Y. G) = & — L u(Y, K) = 352Y or (K, G) = 2820

Apart from comparing our models to the experiment, it is interesting to discuss the
differences to other modelling data available. In the simulation study of Kallivokas et al.'*

the linking of binding partners chosen from a connectivity list was imposed in a simultaneous

manner, hence allowing less relaxation to the polymer network. We argue that this should
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Table 2: Elastic constants as obtained from molecular simulations by smooth topology trans-
formation (our model), straight bond enforcement as modelled by Kallivokas et al.'* and
experimental data taken from the literature.

Our model | Kallivokas'* model | Experiments
(n=93%) | (n=92%) (n=100%)
(Y) /GPa | 3.16 £0.35[ 3.6 £ 0.3 1.66—2.96%; 2.76*; 2.467
(G) / GPa | 1.10 £ 0.14 | 1.3 £ 0.1 0.6—1.0%; 0.95%
(K) / GPa | 3.64 £ 0.38 | 4.1 £0.2 2.9¢
v((Y),(G)) | 0.44
v((Y),(K)) | 0.36
v((K), (G)) | 0.36
(v) 0.39 4 0.05 | 0.40 £ 0.01 0.35-0.43°

tKallivokas et al.'*; * Sun et al.;?? $Littell et al.;?* TZhou et al.

lead to stiffer networks as compared to our models. Indeed, the elastic constants observed for
the Kallivokas model are 10-20% larger, despite the degree of curing being slightly smaller

than in our model.

Conclusions

The complexity of cross-linking in epoxy resins calls for careful preparation of molecular
simulation models. Clearly, ad hoc asignment of the network structure can not be provided
from intuition. While clever algorithms for preparing connectivity lists offer the practically
instantaneous implementation of a polymer network, subtle approaches should combine step-
wise linking of molecules with relaxation of the overall system. However, mainly because of
computational limitations, also our smooth topology transfer approach is not entirely free of
bias. Indeed, a rigorous Monte-Carlo modelling must also consider network re-organization
from bond dissociation and reformation—which would dramatically increase the length of our
simulation runs. However, we are currently developing a reactive force-field approach which
shall enable strain-induced bond dissociation steps during molecular dynamics runs. On this
basis, the analyses of network relaxation before/after linking attempts would indeed cover
(a small number of) bond dissociation events in the course of thermoset hardening.

The central benchmark criterion of simulation approaches to polymer formation is given
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by the degree of cross-linking achieved for the final simulation model. While commercial

2425 our smooth topology transfer

epoxy resins reach almost 100 % under optimal conditions,
algorithm allowed for 93 % cross-linking as a top-score reached at 460 K—which is in line
with the corresponding isothermal DSC experiments. Furthermore, our models reflect the
decline of the curing degree when applying lower temperature, showing at least qualitative
agreement with the corresponding experiments.

A particularly encouraging finding of our study is the nice agreement of the heat of
formation observed as a function of the degree of curing. The assessment of reaction en-
ergies was enabled from a very simple and computationally efficient non-hybrid QM/MM
type approach. Indeed, only two types of reactions were discriminated, and both could be
characterized from small subsystems. As the latter are isolated from the polymer network,

only a single set of QM calculations is needed, whilst all effects from network distortion,

long-range interactions etc. are described by inexpensive MM methods.
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